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The present disclosure provides a method of forming a
semiconductor structure. The method comprises providing a
substrate comprising an isolation region, an active region
adjacent to the isolation region, and a first top surface,
wherein the isolation region includes an isolation trench
filled with a dielectric material, and the active region
includes a gate trench filled with a gate electrode material;
forming a hard mask on the substrate; and performing an
etching process to partially remove portions of the dielectric
material and gate electrode material exposed by the hard
mask to form a second top surface of the dielectric material
and a third top surface of the gate eclectrode material,
wherein the second top surface and the third top surface are
substantially at the same level and are substantially lower
than the first top surface.
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1
SEMICONDUCTOR STRUCTURE HAVING
BURIED WORD LINES AND METHOD OF
MANUFACTURING THE SAME

TECHNICAL FIELD

The present disclosure relates to a semiconductor struc-
ture and, more particularly, to a semiconductor structure
having buried word lines and a method of manufacturing the
same.

DISCUSSION OF THE BACKGROUND

A buried word line is a structure formed in a dynamic
random access memory (DRAM) to increase the integration
degree of a transistor in a cell, simplify a fabricating process,
and improve a device property such as a current leakage
property. In general, a trench is formed and a word line is
buried in the trench to form a buried word line.

When forming buried word lines, an etch-back process is
of great significance since the etch-back process produces
space in trenches for filling with a conductive material.
However, in a single etch-back process, the etching selec-
tivity generally causes variations in heights of the materials
for forming the buried word lines.

Therefore, there is a need to improve the etch-back
process for forming buried word lines.

This Discussion of the Background section is provided for
background information only. The statements in this Dis-
cussion of the Background are not an admission that the
subject matter disclosed in this Discussion of the Back-
ground section constitutes prior art to the present disclosure,
and no part of this Discussion of the Background section
may be used as an admission that any part of this application,
including this Discussion of the Background section, con-
stitutes prior art to the present disclosure.

SUMMARY

One aspect of the present disclosure provides a method of
forming a semiconductor structure. The method comprises
providing a substrate comprising an isolation region, an
active region adjacent to the isolation region, and a first top
surface, wherein the isolation region includes an isolation
trench filled with a dielectric material and the active region
includes a gate trench filled with a gate electrode material;
forming a hard mask on the substrate; and performing an
etching process to partially remove the dielectric material
and gate electrode material exposed by the hard mask to
form a second top surface of the dielectric material and a
third top surface of the gate electrode material, wherein the
second top surface and the third top surface are at substan-
tially the same level and are substantially lower than the first
top surface.

In some embodiments, the method further comprises
depositing a gate conductive material to cover the dielectric
material and the gate electrode material.

In some embodiments, the method further comprises
removing portions of the gate conductive material over the
first top surface of the substrate so that the gate conductive
material in the isolation trench and the gate trench is
recessed below the first top surface.

In some embodiments, the formation of the hard mask
comprises: forming a cap layer on the substrate, the dielec-
tric material and the gate electrode material; forming a mask
layer on the cap layer; forming an anti-reflective coating
(ARC) layer on the mask layer; and forming a photoresist
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2

pattern on the ARC layer, wherein the photoresist pattern
comprises a plurality of photoresist features.

In some embodiments, the mask layer is etched using the
photoresist features as an etching mask to form a mask
pattern comprising a plurality of mask features.

In some embodiments, the cap layer is etched using the
mask features as an etching mask to form a cap pattern
comprising a plurality of cap features.

In some embodiments, the cap pattern and the mask
pattern together form the hard mask on the substrate.

In some embodiments, the etching method comprises:
using a first plasma in a first working stage, wherein the first
plasma has a first etching selectivity of the gate electrode
material to the dielectric material; changing the first plasma
to a second plasma in a second working stage, wherein the
second plasma has a second etching selectivity of the gate
electrode material to the dielectric material; and changing
the second plasma to a third plasma in a third working stage,
wherein the third plasma has a third etching selectivity of the
gate electrode material to the dielectric material.

In some embodiments, the first working stage, the second
working stage and the third working stage are performed
in-situ in a single etching chamber.

In some embodiments, the first working stage comprises:
a first interval, in which the first plasma is turned on and kept
at a first high power and then adjusted to a low power and
kept at the low power; a second interval, in which the first
plasma is adjusted to the first high power and kept at the first
high power and then adjusted to the low power and kept at
the low power; and a third interval repeating the second
interval, wherein after the third interval, a first switching
step is performed to terminate the first working stage.

In some embodiments, after the first switching step, a first
stabilizing period is used to change the first plasma to the
second plasma.

In some embodiments, the second working stage com-
prises: a fourth interval, in which the second plasma is kept
at a second high power and then adjusted to the low power
and kept at the low power; a fifth interval, in which the
second plasma is adjusted to the second high power and kept
at the second high power and then adjusted to the low power
and kept at the low power; and a sixth interval repeating the
fifth interval, wherein after the sixth interval, a second
switching step is performed to terminate the second working
stage.

In some embodiments, after the second switching step, a
second stabilizing period is used to change the second
plasma to the third plasma.

In some embodiments, the third working stage comprises
keeping the third plasma at a third high power.

In some embodiments, the second high power is different
from the first high power.

In some embodiments, the third high power is lower than
the first high power or the second high power.

In some embodiments, the first high power, the second
high power and the third high power indicate the primary
etching phases.

Another aspect of the present disclosure provides a semi-
conductor structure. The semiconductor structure comprises:
a substrate comprising an isolation region, an active region
adjacent to the isolation region, a first top surface, an
isolation trench recessed into the first top surface and
disposed in the isolation region, and a gate trench recessed
into the first top surface and disposed in the active region; a
dielectric material deposited in a lower portion of the
isolation trench, wherein the dielectric material has a second
top surface below the first top surface; a gate electrode
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material deposited in a lower portion of the gate trench,
wherein the gate electrode material has a third top surface
substantially at the same level as the second top surface; and
a gate conductive material deposited in an upper portion of
the isolation trench to cover the dielectric material and
deposited in an upper portion of the gate trench to cover the
gate electrode material.

In some embodiments, the dielectric material and the gate
conductive material formed thereon as well as the gate
electrode material and the gate conductive material formed
thereon form a plurality of buried word line structures.

In some embodiments, the buried word line structure has
a fourth top surface substantially at the same level as the first
top surface of the substrate.

The etching method provided by the present disclosure
includes changing the combination of etchants serving as the
plasma in an in-situ etch-back process. The etching method
comprises three working stages performed in a single etch-
ing chamber. The plasma can have different etching selec-
tivities of polysilicon in the gate electrode material with
respect to silicon dioxide in the dielectric material in the
three working stages. In addition, power of the plasma is
adjusted in different intervals during the first and second
working stages. The primary etching phase is the period
when the plasma is at a high power, while the etching
by-products are removed while the plasma is at a low power.
Therefore, in the etch-back process, the dielectric material in
the isolation trenches and the gate electrode material in the
gate trenches can be recessed into the top surface of the
substrate. In addition, according to the etching method
provided by the present disclosure, the top surface of the
etched dielectric material and the top surface of the etched
gate electrode material can be kept at a substantially iden-
tical level during the formation of buried word lines.

The foregoing has outlined rather broadly the features and
technical advantages of the present disclosure in order that
the detailed description of the disclosure that follows may be
better understood. Additional features and technical advan-
tages of the disclosure will be described hereinafter, and
form the subject of the claims of the disclosure. It should be
appreciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a
basis for moditying or designing other structures or pro-
cesses for carrying out the same purposes of the present
disclosure. It should also be realized by those skilled in the
art that such equivalent constructions do not depart from the
spirit and scope of the disclosure as set forth in the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It should be noted that, in accordance
with the standard practice in the industry, various features
are not drawn to scale. In fact, the dimensions of the various
features may be arbitrarily increased or reduced for clarity of
discussion.

FIG. 1 is a schematic diagram showing an etching system,
in accordance with some embodiments of the present dis-
closure.

FIG. 2 is a schematic top view showing a semiconductor
structure with buried word line structures, in accordance
with some embodiments of the present disclosure.

FIG. 3 is a schematic cross-sectional view showing the
semiconductor structure in FIG. 2 before buried word lines
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are formed, wherein FIG. 3 is taken along the line A-A' in
FIG. 2, in accordance with some embodiments of the present
disclosure.

FIG. 4 is a schematic cross-sectional view showing the
semiconductor structure after undergoing an etch-back pro-
cess, in accordance with some embodiments of the present
disclosure.

FIG. 5 is a schematic cross-sectional view showing the
semiconductor structure after undergoing a gate conductive
material deposition, in accordance with some embodiments
of the present disclosure.

FIG. 6 is an enlarged schematic top view showing one of
the buried word line structures in FIG. 2, in accordance with
some embodiments of the present disclosure.

FIG. 7 is a schematic cross-sectional view of a semicon-
ductor structure, in accordance with some embodiments of
the present disclosure.

FIG. 8 is a flow diagram showing a method for fabricating
the semiconductor structure in FIG. 7, in accordance with
some embodiments of the present disclosure.

FIG. 9 to FIG. 24 are schematic cross-sectional views
showing sequential fabrication stages according to the
method in FIG. 8, in accordance with some embodiments of
the present disclosure.

FIG. 25 is a plasma power-etching time diagram of the
plasma used in the etching method applied in the etch-back
process described in FIG. 22, in accordance with some
embodiments of the present disclosure.

DETAILED DESCRIPTION

Embodiments, or examples, of the disclosure illustrated in
the drawings are now described using specific language. It
shall be understood that no limitation of the scope of the
disclosure is hereby intended. Any alteration or modification
of the described embodiments, and any further applications
of principles described in this document, are to be consid-
ered as normally occurring to one of ordinary skill in the art
to which the disclosure relates. Reference numerals may be
repeated throughout the embodiments, but this does not
necessarily mean that feature(s) of some embodiments apply
to another embodiment, even if they share the same refer-
ence numeral.

It shall be understood that, although the terms first,
second, third, etc. may be used herein to describe various
elements, components, regions, layers or sections, these
elements, components, regions, layers or sections are not
limited by these terms. Rather, these terms are merely used
to distinguish one element, component, region, layer or
section from another element, component, region, layer or
section. Thus, a first element, component, region, layer or
section discussed below could be termed a second element,
component, region, layer or section without departing from
the teachings of the present inventive concept.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not
intended to be limiting to the present inventive concept. As
used herein, the singular forms “a,” “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It shall be further under-
stood that the terms “comprises” and “comprising,” when
used in this specification, point out the presence of stated
features, integers, steps, operations, elements, or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components, or groups thereof.
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Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

An etching process generally uses an ionized gas (e.g.,
plasma) to etch a semiconductor stack. Plasma-etching pro-
cesses are particularly useful for etching of multiple adjacent
structures having fine features. However, with more strin-
gent requirements for feature size and spacing, limitations of
the plasma-etching process become apparent. For example,
reactive-ion etching (RIE) is an etching technology that uses
chemically-reactive plasma to remove materials deposited
on a semiconductor stack. The plasma is generated under
low pressure by an electromagnetic field. High-energy ions
from the plasma attack the materials of the semiconductor
stack and react with them.

FIG. 1 is a schematic diagram showing an etching system
ES1, in accordance with some embodiments of the present
disclosure. In some embodiments, the etching system ES1 is
an RIE system. The etching system ES1 at least includes a
power source RF and a pair of electrodes E1, E2. In an RIE
process, first, a semiconductor stack 20 is placed on a wafer
holder (not shown). Subsequently, several gases are intro-
duced through a gas inlet 22. A plasma 24 is used to strike
the gas mixture using the power source RF, breaking the gas
mixture into energized ions. The energized ions are accel-
erated toward and react at the surface of the semiconductor
stack 20, forming another gaseous by-product. Subse-
quently, the gaseous by-product is evacuated through a
vacuum system 26 to finish the reactive-ion etching.

Buried word line structures in a semiconductor device
involve a plurality of gate electrodes and a plurality of
buried word lines, wherein the gate electrodes and the buried
word lines are built in trenches in active regions and
isolation regions. Generally, the buried word line structures
are processed after the definition of active regions is fin-
ished, i.e., after the shallow trench isolation (ST1) process.

FIG. 2 is a schematic top view showing a semiconductor
structure ST1 with buried word line structures, in accor-
dance with some embodiments of the present disclosure. The
semiconductor structure ST1 includes an array region R1
and a periphery region (not shown) on a substrate 10. For
simplicity, only elements in the array region R1 are shown.
In the array region R1, the semiconductor structure ST1
includes a plurality of isolation regions BB and a plurality of
active regions AA arranged with the isolation regions BB. In
some embodiments, the active regions AA may be repeti-
tively arranged at predetermined intervals and are isolated
from each other by the isolation regions BB. In some
embodiments, the active regions AA are disposed parallel to
each other and extend along a first direction D1, as shown
in FIG. 2. In some embodiments, the active regions AA are
doped with various dopants to adjust electrical properties
and form source regions (not shown) and drain regions (not
shown) therein. The source regions and drain regions may
constitute a significant portion of the array region R1. In
some embodiments, a plurality of buried word line struc-
tures BWL1 are disposed on the substrate 10 and pass
through the active regions AA and the isolation regions BB.
In some embodiments, the average width of each buried
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word line structure BWL1 is about 15.0 nm. In some
embodiments, the buried word line structures BWL1 are
arranged equidistantly (at an equal pitch) and extend along
a second direction D2. In some embodiments, the second
direction D2 is substantially different from the first direction
D1. In some embodiments, the second direction D2 forms a
predetermined angle 6 with respect to the first direction D1,
wherein the predetermined angle 6 is preferably less than 90
degrees. To put it another way, the active regions AA are
diagonally disposed with respect to the buried word line
structures BWL1.

FIG. 3 is a schematic cross-sectional view showing the
semiconductor structure ST1 in FIG. 2 before buried word
lines are formed, wherein FIG. 3 is taken along the line A-A'
in FIG. 2, in accordance with some embodiments of the
present disclosure. In some embodiments, the formation of
buried word lines begins after the active regions AA in the
substrate 10 are formed. Specifically, first, multiple isolation
trenches T1 are formed in the substrate 10. The isolation
trenches T1 are completely filled with a dielectric material
12 such as silicon dioxide (Si0,) to form multiple isolation
regions BB. The isolation regions BB divide the substrate 10
into multiple active regions AA, wherein the active regions
AA are alternately arranged with the isolation regions BB.
Next, multiple gate trenches T2 are formed in the active
regions AA. The gate trenches T2 are completely filled with
a gate electrode material 14 such as polysilicon.

FIG. 4 is a schematic cross-sectional view showing the
semiconductor structure ST1 after undergoing an etch-back
process, in accordance with some embodiments of the
present disclosure. Referring to FIG. 4, in some embodi-
ments, top surfaces of the dielectric material 12 and top
surfaces of the gate electrode material 14 are etched so that
several recesses over the dielectric material 12 within the
isolation trenches T1 and several recesses over the gate
electrode material 14 within the gate trenches T2 are pro-
duced. In a first comparative embodiment, after the etch-
back process, top surfaces of the dielectric material 12 and
top surfaces of the gate electrode material 14 have different
heights. Such problem may arise due to a difference between
etching selectivities of the dielectric material 12, which is
mainly silicon dioxide, and the gate electrode material 14,
which is mainly polysilicon. Generally, silicon dioxide is
consumed faster than polysilicon when a specific etchant is
used in the etch-back process. As a result, different etching
rates of the dielectric material 12 and the gate electrode
material 14 result in the different heights of their top
surfaces.

FIG. 5 is a schematic cross-sectional view showing the
semiconductor structure ST1 after undergoing a gate con-
ductive material deposition, in accordance with some
embodiments of the present disclosure. Referring to FIG. 5,
in some embodiments, a gate conductive material 16 is
deposited to fill the recesses within the isolation trenches T1
and the gate trenches T2 to form buried word lines after the
etch-back process. The dielectric material 12, the gate elec-
trode material 14 and the gate conductive material 16
deposited thereon may form the buried word line structures
BWL1 shown in FIG. 2. During the formation of the buried
word line structures BWL1, the etch-back process is sig-
nificant since the thickness of the dielectric material 12 or
the gate electrode material 14 determines a volume of the
recess within the isolation trenches T1 or the gate trenches
T2, which in turn determines an amount of the gate con-
ductive material 16 that can be deposited to fill the recess.
In the first comparative embodiment, the amount of the gate
conductive material 16 which can be deposited in the gate
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trenches T2 is greatly restricted because there is only a small
amount of space available in the gate trenches T2 after the
etch-back process.

FIG. 6 is an enlarged schematic top view showing one of
the buried word line structures BWL1 in FIG. 2, in accor-
dance with some embodiments of the present disclosure. In
a second comparative embodiment, the buried word line
structure BWL1 has an uneven width, wherein some por-
tions of the buried word line structure BWL1 are narrow,
while some portions are wide. Specifically, the buried word
line structure BWL1 includes multiple first portions P1
where the buried word line structure BWL1 spatially over-
laps the active regions AA, and multiple second portions P2
where the buried word line structure BWL1 spatially over-
laps the isolation regions BB. Generally, the width W1 of the
first portion P1 is less than the width W2 of the second
portion P2. Similar to the first comparative embodiment, the
problem in the second comparative embodiment may arise
from the difference between the etching rates of silicon
dioxide corresponding to the first portion P1 and polysilicon
corresponding to the second portion P2 while the buried
word line structure BWL1 is being fabricated. Therefore,
there is a great need to improve the etch-back process in the
formation of buried word lines.

One aspect of the present disclosure provides a semicon-
ductor structure with buried word lines. FIG. 7 is a sche-
matic cross-sectional view of a semiconductor structure
ST3, in accordance with some embodiments of the present
disclosure. With reference to FIG. 7, the semiconductor
structure ST3 comprises a substrate 100, a plurality of
isolation regions BB in the substrate 100 and a plurality of
active regions AA surrounded by the isolation regions BB.
In some embodiments, the substrate 100 has a substantially
planar top surface S1. The active regions AA are alternately
arranged with the isolation regions BB. In some embodi-
ments, the active regions AA may be arranged at predeter-
mined intervals in the substrate 100.

In some embodiments, an isolation trench TA is recessed
into the top surface S1 and disposed in each of the isolation
regions BB. A dielectric material 120 is deposited in a lower
portion of the isolation trench TA. In some embodiments, the
dielectric material 120 has a top surface S2 below the top
surface S1 of the substrate 100. In addition, a gate trench TB
is recessed into the top surface S1 and disposed in each of
the active regions AA. A gate electrode material 140 is
deposited in a lower portion of the gate trench TB. In some
embodiments, the gate electrode material 140 has a top
surface S3 below the top surface S1 of the substrate 100. In
some embodiments, the top surface S2 of the dielectric
material 120 and the top surface S3 of the gate electrode
material 140 are substantially at the same level.

A gate conductive material 190 fills an upper portion of
the isolation trench TA to cover the dielectric material 120
and fills an upper portion of the gate trench TB to cover the
gate electrode material 140. The dielectric material 120 and
the gate conductive material 190 formed thereon as well as
the gate electrode material 140 and the gate conductive
material 190 formed thereon form a plurality of buried word
line structures BWL2 buried in the substrate 100. Each of
the buried word line structures BWL2 has a top surface
substantially coplanar with the top surface S1 of the sub-
strate 100.

Another aspect of the present disclosure provides a
method for fabricating a semiconductor structure with bur-
ied word lines. FIG. 8 is a flow diagram showing a method
500 for fabricating the semiconductor structure ST3 in FIG.
7, in accordance with some embodiments of the present

25

35

40

45

55

8

disclosure. FIG. 9 to FIG. 24 are schematic cross-sectional
views showing sequential fabrication stages according to the
method 500 in FIG. 8, in accordance with some embodi-
ments of the present disclosure.

With reference to FIG. 9 to FIG. 11, an isolation process
is performed on a substrate according to step S101 in FIG.
8. In some embodiments, the isolation process is a shallow
trench isolation (ST1) process, which may define at least an
active region AA. Specifically, the ST1 process at least
includes a lithographic process, an etching process and a
deposition process. First, referring to FIG. 9, a substrate 100
having a top surface S1 is provided. In some embodiments,
the substrate 100 may include silicon (S1), silicon germa-
nium (SiGe), gallium arsenide (GaAs), or other suitable
semiconductor materials. A first photoresist pattern 110 is
formed on the top surface S1 of the substrate 100. In some
embodiments, the first photoresist pattern 110 may define
the location of isolation trenches to be formed.

Next, referring to FIG. 10, the substrate 100 is etched
using the first photoresist pattern 110 as an etching mask to
form several isolation trenches TA. After the isolation
trenches TA are formed in the substrate 100, the first
photoresist pattern 110 is removed using an ashing process
or a wet strip process.

Subsequently, referring to FIG. 11, a dielectric material
120 is deposited to fill the isolation trenches TA. In some
embodiments, the dielectric material 120 may include sili-
con dioxide (SiO,) or other suitable materials formed using
a CVD process or a spin-on coating (SOC) process. In some
embodiments, a chemical mechanical polishing (CMP) pro-
cess is performed to remove the dielectric material 120
above the top surface S1 of the substrate 100. After the
isolation trenches TA are filled with the dielectric material
120, multiple isolation regions BB are formed. In some
embodiments, an active region AA is surrounded by the
isolation regions BB. In addition, the active regions AA are
alternately arranged with the isolation regions BB. In some
embodiments, the active regions AA are arranged at prede-
termined intervals in the substrate 100.

With reference to FIG. 12 to FIG. 14, a gate electrode
formation process is performed on the substrate 100 accord-
ing to step S103 in FIG. 8. Specifically, the gate electrode
formation process at least includes a lithographic process, an
etching process and a deposition process. First, referring to
FIG. 12, a second photoresist pattern 130 is formed on the
top surface S1 of the substrate 100. In some embodiments,
the second photoresist pattern 130 defines the location of
gate trenches to be formed.

Next, referring to FIG. 13, the substrate 100 is etched
using the second photoresist pattern 130 as an etching mask
to form several gate trenches TB. After the gate trenches TB
are formed in the substrate 100, the second photoresist
pattern 130 is removed using an ashing process or a wet strip
process. In some embodiments, the gate trenches TB are
alternately arranged with the isolation trenches TA.

Subsequently, referring to FIG. 14, a gate electrode mate-
rial 140 is deposited to fill the gate trenches TB. In some
embodiments, the gate electrode material 140 may include
polysilicon or other suitable materials formed using a CVD
process or an atomic layer deposition (ALD) process. In
some embodiments, a CMP process is performed to remove
the gate electrode material 140 above the top surface S1 of
the substrate 100. In some embodiments, the gate trenches
TB filled with the gate electrode material 140 are used as
gate electrodes. In some embodiments, the gate electrodes
may be arranged at predetermined intervals in the substrate
100.
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With reference to FIG. 15 to FIG. 21, a hard mask
formation process is performed on the substrate 100 accord-
ing to step S105 in FIG. 8. Referring to FIG. 15, in some
embodiments, multiple layers are sequentially formed on the
substrate 100. First, a cap layer 150L is formed on the top
surface S1. Specifically, the cap layer 150L completely
covers the dielectric material 120 in the isolation trenches
TA and the gate electrode material 140 in the gate trenches
TB. In some embodiments, the cap layer 150L is made of
dielectric materials such as silicon nitride, silicon oxide,
silicon oxynitride, or any combination thereof.

Next, a mask layer 160L is formed on the cap layer 150L..
In some embodiments, the mask layer 160L. mainly includes
carbon materials and is used as a hard mask. Subsequently,
an antireflective coating (ARC) layer 170L. may be option-
ally formed on the mask layer 160L, followed by a photo-
resist layer 180L formed on the ARC layer 170L. In some
embodiments, the ARC layer 1701, can minimize the optical
reflection of the photoresist layer 1801 when the photoresist
layer 180L is irradiated. In some embodiments, the ARC
layer 170L is formed using a spin-coating process. In some
embodiments, the photoresist layer 180L is a positive tone
photoresist (positive photoresist), which means the exposed
regions will be removed by a developing agent. In some
embodiments, the photoresist layer 180L includes a chemi-
cal amplifier (CA) photoresist. The CA photoresist includes
a photoacid generator (PAG) that can be decomposed to
form acids during a lithography exposure process. More
acids can be generated as a result of a catalytic reaction. At
such time, the cap layer 150L, the mask layer 1601, the ARC
layer 1701 and the photoresist layer 180L together form a
multilayer film 200 on the substrate 100.

Referring to FIG. 16, a lithography process is performed
on the photoresist layer 180L. The photoresist layer 180L is
exposed to a radiation hvl using a photomask MA1 and a
lithography system (not shown). In some embodiments, the
radiation hvl may include, but is not limited to, deep
ultraviolet (DUV) radiation. The photomask MA1 com-
prises multiple transparent portions T1 and multiple opaque
portions O1. In some embodiments, the photomask MA1
may be a binary mask, a phase shift mask or any other type
of mask suitable for use in the lithography system. The
exposure induces a photochemical reaction that changes the
chemical property of portions of the photoresist layer 180L.
For example, the photoresist layer 180L corresponding to
the transparent portions T1 is exposed and becomes more
reactive in a developing process. In some embodiments, a
post-exposure baking (PEB) may be performed after the
photoresist layer 180L is exposed.

Referring to FIG. 17, an appropriate developing agent is
used to rinse the exposed photoresist layer 180L. In some
embodiments, exposed portions of the photoresist layer
180L are reacted with the developing agent and can be easily
removed. After the exposed photoresist layer 180L is devel-
oped, a photoresist pattern 180 comprising multiple photo-
resist features 180A and multiple openings 180B arranged
with the photoresist features 180A is formed. In some
embodiments, the photoresist features 180A and the open-
ings 180B respectively correspond to the opaque portions
O1 and the transparent portions T1 of the photomask MA1.
In some embodiments, portions of the ARC layer 170L are
covered by the photoresist features 180A.

Referring to FIG. 18, a first etching is performed on the
ARC layer 170L. In some embodiments, the first etching can
be an RIE process, which anisotropically etches portions of
the ARC layer 170L exposed by the openings 180B. There-
fore, an ARC pattern 170 comprising multiple ARC features

10

15

20

25

30

35

40

45

50

55

60

10
170A and multiple openings 170B arranged with the ARC
features 170A is formed. In some embodiments, the ARC
features 170A and the openings 170B are respectively
connected to the photoresist features 180A and the openings
180B. In some embodiments, portions of the mask layer
160L are covered by the ARC features 170A.

Referring to FIG. 19, a second etching is performed on the
mask layer 160L.. Specifically, the mask layer 1601 is etched
using the photoresist features 180A as an etching mask. In
some embodiments, the second etching can be an RIE
process, which anisotropically removes portions of the mask
layer 160L exposed by the openings 170B. Therefore, a
mask pattern 160 comprising multiple mask features 160A
and multiple openings 160B arranged with the mask features
160A is formed. In some embodiments, the mask features
160A and the openings 160B are respectively connected to
the ARC features 170A and the openings 170B. In some
embodiments, portions of the cap layer 150L are covered by
the mask features 160A.

Referring to FIG. 20, the photoresist pattern 180 and the
ARC pattern 170 are removed prior to the following process.
In some embodiments, the removal may use an ashing
process or a wet strip process.

Referring to FIG. 21, a third etching is performed on the
cap layer 150L. Specifically, the cap layer 150L is etched
using the mask features 160A as an etching mask. In some
embodiments, the third etching can be an RIE process,
which anisotropically removes portions of the cap layer
1501, exposed by the openings 160B. Therefore, a cap
pattern 150 comprising multiple cap features 150A and
multiple openings 150B arranged with the cap features 150A
is formed. In some embodiments, the cap features 150A and
the openings 150B are respectively connected to the mask
features 160A and the openings 160B. In some embodi-
ments, the dielectric material 120 and the gate electrode
material 140 are exposed by the openings 150B. In some
embodiments, the cap pattern 150 and the mask pattern 160
together may form a hard mask HM1 on the substrate 100.

With reference to FIG. 22, an etch-back process is per-
formed on the substrate 100 according to step S107 in FIG.
8. Specifically, the dielectric material 120 and the gate
electrode material 140 are partially removed using an etch-
ing method 1000 depicted in FIG. 25. In some embodiments,
portions of the dielectric material 120 and the gate electrode
material 140 exposed by the hard mask HM1 are etched.
Still referring to FIG. 22, after the etch-back process, top
surfaces S2 of the etched dielectric material 120 and top
surfaces S3 of the etched gate electrode material 140 are
lower than the top surface S1 of the substrate 10. At such
time, recesses within the isolation trenches TA and the gate
trenches TB are produced again. In some embodiments, the
recesses are filled with subsequently formed buried word
lines.

Compared to the first comparative embodiment in FIG. 4,
with the use of the etching method 1000, top surfaces S2 of
the etched dielectric material 120 and top surfaces S3 of the
etched gate electrode material 140 are substantially at the
same level. The etching method 1000 according to an
embodiment of the present disclosure may balance the
unbalanced etching of the gate electrode material 140 and
dielectric material 120 in the etch-back process.

With reference to FIG. 23, the hard mask HM1 is removed
from the substrate 100 according to step S109 in FIG. 8. In
some embodiments, the hard mask HM1 is removed using
an ashing process or a wet strip process before the formation
of the buried word lines.
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With reference to FIG. 24, a buried word line formation
process is performed according to step S111 in FIG. 8.
Specifically, a gate conductive material 190 is deposited to
completely cover the dielectric material 120 and the gate
electrode material 140. As a result, the isolation trenches TA
and the gate trenches TB are filled by the gate conductive
material 190. In some embodiments, the gate conductive
material 190 is formed using a CVD process, a physical
vapor deposition (PVD) process, or an ALD process. In
some embodiments, the gate conductive material 190 may
include any one or more of the group consisting of titanium
nitride (TiN), tungsten nitride (WN), tantalum nitride (TaN),
titanium silicon nitride (TiSiN), tantalum silicon nitride
(TaSiN), and tungsten silicon nitride (WSiN). In some
embodiments, the gate conductive material 190 is polished
using a CMP process or a dry etch process to remove
portions of the gate conductive material 190 over the top
surface S1 of the substrate 100.

A plurality of buried word lines are formed after the gate
conductive material 190 is completely deposited in the
isolation trenches TA and the gate trenches TB. In some
embodiments, the dielectric material 120, the gate electrode
material 140 and the gate conductive material 190 disposed
thereon may form a plurality of buried word line structures
BWL2. In some embodiments, each of the buried word line
structures BWL2 has a top surface coplanar with the top
surface S1 of the substrate 100. At such time, a semicon-
ductor structure ST3 with buried word lines is generally
formed.

FIG. 25 is a plasma power-etching time diagram of the
plasma used in the etching method 1000 applied in the
etch-back process described in FIG. 22, in accordance with
some embodiments of the present disclosure. The x-axis
represents the etching time t (in seconds) and the y-axis
represents the plasma power P (in watts). In some embodi-
ments, the etching method 1000 comprises a first working
stage W1, a second working stage W2 and a third working
stage W3 performed in-situ in a single etching chamber.

During the first working stage W1, a first plasma is used,
wherein the first plasma comprises a first combination of
etchants. In some embodiments, the first plasma may have a
first etching selectivity of polysilicon with respect to silicon
dioxide of about 1:2. Therefore, the etching rate ratio of the
gate electrode material 140 to the dielectric material 120 is
about 1:2. In some embodiments, the first working stage W1
comprises two to four intervals. In a preferred embodiment,
the first working stage W1 comprises three intervals 111, 112
and 113. In the interval 111, the first plasma is turned on and
kept at a first high power P1 for 5 seconds. Next, the first
plasma is adjusted to a low power PL and kept at the low
power PL for 5 seconds to finish the interval I11. In the
interval 112, the first plasma is adjusted to the first high
power P1 and kept at the first high power P1 for 5 seconds.
Next, the first plasma is adjusted to a low power PL and kept
at the low power PL for 5 seconds to finish the interval 112.
In some embodiments, the following interval is repeated as
the interval 112. In the last interval, after the first plasma is
kept at the low power PL for 5 seconds, a first switching step
SWI1 is performed to terminate the first working stage W1.

Still referring to FIG. 25, after the first switching step
SW1, there is a first stabilizing period SP1 for the first
combination of etchants to be changed to a second combi-
nation of etchants to form a second plasma. Next, the second
working stage W2 begins with the use of the second plasma.
In some embodiments, the second combination of etchants
is different from the first combination of etchants. In some
embodiments, the second plasma may have a second etching

10

20

25

30

35

40

45

50

55

60

65

12

selectivity of polysilicon with respect to silicon dioxide of
about 2:1. Therefore, the etching rate ratio of the gate
electrode material 140 to the dielectric material 120 is about
2:1. In some embodiments, the second working stage W2
also comprises two to four intervals. In a preferred embodi-
ment, the second working stage W2 comprises three inter-
vals 121, 122 and 123. In the interval 121, the second plasma
is kept at a second high power P2 for 5 seconds. Next, the
second plasma is adjusted to the low power PL and kept at
the low power PL for 5 seconds to finish the interval 121. In
some embodiments, the second high power P2 may be
different from the first high power P1. In other embodiments,
the second high power P2 may be the same as the first high
power P1. In some embodiments, the low power PL is still
an “on” state, i.e., the power supply of the first plasma or the
second plasma is always turned on. In some embodiments,
the following intervals 122 and 123 are repeated as the
interval 121. In the last interval, after the second plasma is
kept at the low power PL for 5 seconds, a second switching
step SW2 is performed to terminate the second working
stage W2.

Still referring to FIG. 25, after the second switching step
SW2, there is a second stabilizing period SP2 for the second
combination of etchants to be changed to a third combina-
tion of etchants to form a third plasma. Next, the third
working stage W3 begins with the use of the third plasma.
In some embodiments, the third combination of etchants is
different from the first or the second combination of
etchants. In some embodiments, the third plasma may have
a third etching selectivity of polysilicon with respect to
silicon dioxide of about 3:1. Therefore, the etching rate of
the gate electrode material 140 to the dielectric material 120
is about 3:1. In some embodiments, during the third working
stage W3, one of a pair of electrodes in an etching system
(not shown) used to perform the etch-back process is
switched off. In the third working stage W3, the third plasma
is kept at a third high power P3 for 5 to 20 seconds.
Subsequently, the third plasma is turned off to finish the
complete etch-back process. In some embodiments, the third
high power P3 is lower than the first high power P1 or the
second high power P2. In some embodiments, the high-
power modes (P1, P2 and P3) indicate the primary etching
phases and the low power mode (PL) indicates the phase of
removal by etching of by-products.

The present disclosure provides an etching method that
comprises three working stages performed in-situ in a single
etching chamber. The three working stages include different
combinations of etchants serving as the plasma. By chang-
ing the combination of etchants, the plasma can have dif-
ferent etching selectivities of polysilicon in the gate elec-
trode material with respect to silicon dioxide in the dielectric
material in the three working stages. In addition, the power
applied to the plasma is adjusted in different intervals in the
first and second working stages. During the primary etching
phase, the plasma is at a high power. The etching by-
products are removed when the plasma is at a low power.
Therefore, in the etch-back process, the dielectric material in
isolation trenches and the gate electrode material in gate
trenches can be recessed into the top surface of the substrate.
In addition, according to the etching method provided by the
present disclosure, the top surface of the etched dielectric
material and the top surface of the etched gate electrode
material can be kept at a substantially identical level during
the formation of buried word lines.

Although the present disclosure and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
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without departing from the spirit and scope of the disclosure
as defined by the appended claims. For example, many of the
processes discussed above can be implemented in different
methodologies and replaced by other processes, or a com-
bination thereof.

Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from
the present disclosure, processes, machines, manufacture,
compositions of matter, means, methods, or steps, presently
existing or later to be developed, that perform substantially
the same function or achieve substantially the same result as
the corresponding embodiments described herein, may be
utilized according to the present disclosure. Accordingly, the
appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, and steps.

What is claimed is:

1. A method of forming a semiconductor structure, com-
prising:

providing a substrate comprising an isolation region, an

active region adjacent to the isolation region and a first
top surface, wherein the isolation region includes an
isolation trench filled with a dielectric material, and the
active region includes a gate trench filled with a gate
electrode material, wherein etching rates between the
dielectric material filled in the isolation trench and the
gate electrode material filled in the gate trench are
different;

after filling the dielectric material in the isolation trench

and filing the gate electrode material in the gate trench,
forming a hard mask on the first top surface of the
substrate to expose the dielectric material filled in the
isolation trench and the gate electrode material filled in
the gate trench;

after forming the hard mask on the first top surface of the

substrate, performing an etching process to remove top
portions of the dielectric material and the gate electrode
material exposed by the hard mask to form a second top
surface of the dielectric material and a third top surface
of the gate electrode material; and

depositing a gate conductive material to cover the dielec-

tric material and the gate electrode material,

wherein the second top surface of the dielectric material

and the third top surface of the gate electrode material
are substantially at a same level and are substantially
lower than the first top surface of the substrate.

2. The method according to claim 1, further comprising
removing portions of the gate conductive material over the
first top surface of the substrate.

3. The method according to claim 1, wherein the forma-
tion of the hard mas k comprises:

forming a cap layer on the substrate, the dielectric mate-

rial and the gate electrode material;

forming a mask layer on the cap layer;

forming an anti-reflective coating (ARC) layer on the

mask layer; and

forming a photoresist pattern on the ARC layer, wherein

the photoresist pattern comprises a plurality of photo-
resist features.

4. The method according to claim 3, wherein the mask
layer is etched using the photoresist features as an etching
mask to form a mask pattern comprising a plurality of mask
features.
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5. The method according to claim 4, wherein the cap layer
is etched using the mask features as an etching mask to form
a cap pattern comprising a plurality of cap features.

6. The method according to claim 5, wherein the cap
pattern and the mask pattern together form the hard mask on
the substrate.

7. The method according to claim 1, wherein the etching
method comprises:

using a first plasma in a first working stage, wherein the
first plasma has a first etching selectivity of the gate
electrode material to the dielectric material;

changing the first plasma to a second plasma in a second
working stage, wherein the second plasma has a second
etching selectivity of the gate electrode material to the
dielectric material; and changing the second plasma to
a third plasma in a third working stage, wherein the
third plasma has a third etching selectivity of the gate
electrode material to the dielectric material.

8. The method according to claim 7, wherein the first
working stage, the second working stage and the third
working stage are performed in-situ in a single etching
chamber.

9. The method according to claim 7, wherein the first
working stage comprises:

a first interval, in which the first plasma is turned on and
kept at a first high power and then adjusted to a low
power and kept at the low power;

a second interval, in which the first plasma is adjusted to
the first high power and kept at the first high power and
then adjusted to the low power and kept at the low
power; and

a third interval repeating the second interval, wherein
after the third interval, a first switching step is per-
formed to terminate the first working stage.

10. The method according to claim 9, wherein after the
first switching step, a first stabilizing period is used to
change the first plasma to the second plasma.

11. The method according to claim 10, wherein the second
working stage comprises:

a fourth interval, in which the second plasma is kept at a
second high power and then adjusted to the low power
and kept at the low power;

a fifth interval, in which the second plasma is adjusted to
the second high power and kept at the second high
power and then adjusted to the low power and kept at
the low power; and

a sixth interval repeating the fifth interval, wherein after
the sixth interval, a second switching step is performed
to terminate the second working stage.

12. The method according to claim 11, wherein after the
second switching step, a second stabilizing period is used to
change the second plasma to the third plasma.

13. The method according to claim 12, wherein the third
working stage comprises keeping the third plasma at a third
high power.

14. The method according to claim 13, wherein the second
high power is different from the first high power.

15. The method according to claim 13, wherein the third
high power is lower than the first high power or the second
high power.

16. The method according to claim 13, wherein the first
high power, the second high power and the third high power
indicate the primary etching phases.
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